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During the spreading of epithelial tissues, the advancing tissue front often develops finger-like protrusions.
Their resemblance to traditional viscous fingering patterns in driven fluids suggests that epithelial fingers could
arise from an interfacial instability. However, the existence and physical mechanism of such a putative instability
remain unclear. Here, based on an active polar fluid model for epithelial spreading, we analytically predict
a generic instability of the tissue front. On the one hand, active cellular traction forces impose a velocity
gradient that leads to an accelerated front, which is, thus, unstable to long-wavelength perturbations. On the
other hand, contractile intercellular stresses typically dominate over surface tension in stabilizing short-wave-
length perturbations. Finally, the finite range of hydrodynamic interactions in the tissue selects a wavelength
for the fingering pattern, which is, thus, given by the smallest between the tissue size and the hydrodynamic
screening length. Overall, we show that spreading epithelia experience an active fingering instability based on
a simple kinematic mechanism. Moreover, our results underscore the crucial role of long-range hydrodynamic
interactions in the dynamics of tissue morphology.
The spreading of epithelial monolayers by collective cell
migration is crucial for tissue morphogenesis, wound heal-
ing, and tumor progression. Both in vivo and in vitro, mul-
ticellular protrusions called epithelial fingers often appear at
the front of spreading tissues (Fig. 1) [1–11]. This epithelial
fingering resembles the viscous fingering that occurs via the
Saffman-Taylor instability when a viscous fluid displaces a
more viscous one [12, 13]. However, the mechanisms of these
two phenomena must be different because epithelial monolay-
ers are more viscous than the fluid that they displace. Hence,
several models of epithelial fingering have been proposed [3].
To induce finger formation, some models directly imple-
ment leader cells with a distinct behavior, either via special
particles [14] or via a dependence of the magnitude of cell
motility forces on the curvature of the tissue front [15, 16].
Other models recapitulate epithelial fingering by introducing
alignment between cell motility forces and the tissue veloc-
ity field [17]. These models predict a moving front to be
stable and a non-moving front to exhibit an instability with
an unbounded growth rate for a number of finite wavelengths
[18, 19]. Fingers were also observed in the numerical solu-
tion of other continuum models of spreading epithelia, either
treated as active polar fluids [20] or as active nematics with
cell proliferation [21]. Recently, fingering was also found in a
parameter range of an active vertex model [22]. Finally, inter-
face undulations can emerge from the coupling of chemotactic
fields to the mechanics of epithelial spreading [23–26].
Despite the many efforts, the physical mechanism of the
fingering instability in epithelia remains a matter of debate.
Here, we address this problem by means of a continuum active
polar fluid model for epithelial spreading. The model includes
hydrodynamic interactions through the tissue, and it imple-
ments neither leader-cell behavior nor alignment between cel-
lular traction forces and the flow field. Yet, we analytically
predict a long-wavelength instability of the moving front that
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FIG. 1. Fingering in epithelial spreading. Scale bar, 200 µm.
Adapted from [6] with permission from Pascal Silberzan.
explains epithelial fingering. The instability is based on a
generic kinematic mechanism, namely the front acceleration
associated to a fixed velocity gradient. In spreading epithelia,
the velocity gradient is imposed by active traction forces at the
edge of the viscous cell monolayer. The fastest-growing mode
has a finite wavelength, typically a few hundreds of microm-
eters, consistent with the measured finger spacing [11]. This
characteristic wavelength is selected by the long-range hydro-
dynamic interactions in the tissue, which are either limited
by the tissue size or screened by cell-substrate friction forces.
The model also shows that intercellular contractility stabilizes
short-wavelength perturbations of the tissue boundary. The
stabilizing effect of contractility is typically stronger than that
of tissue surface tension. Globally, our analysis shows how, as
a result of the flows induced by the traction force field, a mor-
phological instability may naturally take place in a spreading
cell monolayer. Leader cells could then appear upon the onset
of the instability, influencing finger development.
Model.— We base our analysis on a continuum active po-
lar fluid model of epithelial spreading, which is thus described
in terms of a polarity field ~p (~r, t) and a velocity field ~v (~r, t)
[27–29]. We neglect cell proliferation and the bulk elastic-
ity of the monolayer, which eventually limit the spreading
process [6, 17, 30–32]. Tissue spreading is primarily driven
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2by the traction forces exerted by cells close to the monolayer
edge, which polarize perpendicularly to the edge by extending
lamellipodia towards free space. In contrast, the inner region
of the monolayer remains essentially unpolarized, featuring
much weaker and transient traction forces [27, 28]. Hence,
we take a free energy for the polarity field that favors the un-
polarized state p = 0 in the bulk, with a restoring coefficient
a > 0, and we impose a normal and maximal polarity as a
boundary condition at the tissue edge. In addition, the polar
free energy includes a cost for polarity gradients, with K the
Frank constant of nematic elasticity in the one-constant ap-
proximation [33]. Altogether,
F =
∫ [
a
2
pαpα +
K
2
(∂αpβ) (∂αpβ)
]
d3~r. (1)
We assume that the polarity field is set by flow-independent
mechanisms, so that it follows a purely relaxational dynamics,
and that it equilibrates fast compared to the spreading dynam-
ics [34]. Hence, δF/δpα = 0, which yields
L2c∇2pα = pα, (2)
where Lc =
√
K/a is the characteristic length with which the
polarity modulus decays from p = 1 at the monolayer edge to
p = 0 at the center.
Then, force balance imposes
∂βσαβ + fα = 0, (3)
where σαβ is the stress tensor of the monolayer, and fα is
the external force density acting on it. Since tissue spreading
occurs over time scales of several hours (Fig. 1), we neglect
the elastic response of the tissue [34]. Thus, we relate tissue
forces to the polarity and velocity fields via the following con-
stitutive equations for an active polar fluid [35] (see discussion
and justification in Ref. [34]):
σαβ = η (∂αvβ + ∂βvα)− ζpαpβ , (4a)
fα = −ξvα + ζipα. (4b)
Here, η is the effective monolayer viscosity, and ξ is the cell-
substrate friction coefficient. Respectively, ζ < 0 is the active
stress coefficient accounting for the contractility of polarized
cells, and ζi > 0 is the contact active force coefficient ac-
counting for the maximal traction stress exerted by polarized
cells on the substrate, T0 = ζih, with h the monolayer height.
Stability of the tissue front.— To study the stability of the
advancing front, we consider a rectangular monolayer typical
of in vitro experiments (Fig. 1). Thus, the reference state is
the flat front solution with ~p = p0x(x) xˆ and ~v = v
0
x(x) xˆ [34]
(dashed lines in Fig. 2a). In addition to a maximal normal
polarity at the edges, we impose stress-free boundary condi-
tions. For an interface of arbitrary shape, ~p (x = ±L) = nˆ±,
and σ · nˆ±|x=±L = ~0, respectively, where nˆ± is the nor-
mal unit vector of the top and bottom interfaces. The tissue
width L changes according to dL/dt = ~v · nˆ|x=L. Then,
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FIG. 2. Instability of the monolayer front. (a) Sketch of the peristaltic
perturbations. Dashed lines indicate the flat, unperturbed interface.
The dotted line indicates the symmetry axis of the monolayer. (b)
Growth rate of the perturbations. Parameter values are in Table I.
motivated by experimental observations (Fig. 1), we intro-
duce peristaltic small-amplitude perturbations of the flat inter-
face, namely those that modify the monolayer width (Fig. 2a):
L(y) = L0 + δL(y). From a linear stability analysis [34],
we obtain that the growth rate ω(q) of such perturbations is
always real, so that no oscillatory behavior is expected. How-
ever, the growth rate evidences a long-wavelength instability
of the monolayer front. Moreover, the fastest-growing pertur-
bation has a finite wavelength (Fig. 2b). In the following, we
analyze the contribution of the different forces to the instabil-
ity, which allows us to single out its physical mechanism.
Traction forces.— We first consider a limit case with
neither intercellular contractility nor cell-substrate friction,
ζ, ξ → 0 [27]. In addition, we also consider that the width
of the polarized boundary layer of cells is much smaller than
the total tissue width, Lc  L0, which is generally the case
in experiments [27, 28]. In this limit, since active forces are
concentrated at the narrow boundary layer, most of the tissue
behaves as a passive viscous fluid, for which ∂xσxx ≈ 0 and
σxx ≈ 2η dvx/dx. Therefore, the stress is uniform through-
out most of the tissue, with a value given by the stress accu-
mulated across the boundary layer, namely σxx ≈ T0Lc/h.
Consequently, the velocity gradient is also fixed and uniform,
and hence the spreading velocity vx(L0) = V0 = dL0/dt
reads
V0 ≈ T0Lc
2ηh
L0 ≡ L0
τ
, (5)
where we have used that vx(0) = 0. This result means that,
due to the sole action of a constant traction force, the flat front
accelerates, consistent with measurements [6, 36] and with
the size dependence of tissue wetting [28]. Consequently, the
q = 0 perturbation mode is unstable, ω (q = 0) = τ−1 > 0,
since any uniform displacement of the advancing front makes
it depart from its original velocity. Thus, the instability mech-
anism is kinematic in nature: The advanced regions of the
front move faster than the trailing regions (Fig. 2a). Thereby,
traction forces contribute to destabilize perturbations of all
wavelengths (Fig. 3a). Therefore, since other forces such as
surface tension stabilize short-wavelength perturbations, the
tissue front experiences a long-wavelength instability.
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FIG. 3. Contributions to the instability. Growth rates of shape pertur-
bations varying the values of different model parameters. Excluding
the varied parameter, other parameter values are in Table I except for
ξ, ζ → 0. (a) Traction forces completely destabilize the monolayer
front. For this plot, T0 = 0, 0.25, 0.5, 0.75, 1 kPa. (b) Long-range
transmission of viscous stresses selects the fastest-growing mode.
For this plot L0 = 50, 100, 150, 200, 250 µm. (c) Cell-substrate
friction screens hydrodynamic interactions to limit the wavelength
of the fingering pattern. For this plot, ξ = 10, 102, 103, 104, 105
Pa·s/µm2. (d) Contractility stabilizes short-wavelength perturbations
of the monolayer front. For this plot, −ζ = 0, 10, 20, 30, 40 kPa.
Symbol Description Estimate
L0 monolayer half-width 200 µm
h monolayer height 5 µm [28, 37]
Lc nematic length 25 µm [27, 28]
T0 maximal traction 0.5 kPa [27, 28]
−ζ intercellular contractility 20 kPa [28]
ξ friction coefficient 100 Pa·s/µm2 [38]
η monolayer viscosity 25 MPa·s [27, 28]
λ hydrodynamic screening length 0.5 mm (
√
η/ξ)
TABLE I. Estimates of model parameters.
Viscous stresses.— The kinematic mechanism explains
why long-wavelength modes are unstable. However, it does
not explain why the most unstable mode occurs at a finite
wavelength (Fig. 3a). In fact, the existence of a peak in the
growth rate is due to the transmission of viscous stress across
the monolayer. In the so-called wet limit λ =
√
η/ξ  L0,
corresponding to ξ → 0, viscous stresses transmit through
the entire monolayer. Thus, a given perturbation of the front
generates a flow perturbation that penetrates a distance of
the order of its wavelength, pi/q, into the monolayer. At
the monolayer edge, the stress-free boundary condition im-
poses δσxx(±L) = ∓∂xσ0xx(±L0) δL. Hence, since δσxx =
2η ∂xδvx in the absence of contractility (ζ → 0), the gradient
of the velocity perturbation profile is fixed at the boundary,
being positive (negative) for advanced (trailing) regions of the
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FIG. 4. Screening of tissue flows. (a) Flow perturbations induced by
short-wavelength shape perturbations (q > pi/L0) penetrate a dis-
tance given by their wavelength. Thus, the interfacial velocity per-
turbation increases with wavelength. In contrast, the penetration of
flow perturbations induced by long-wavelength shape perturbations
(q > pi/L0) is limited by the tissue width 2L0, which entails a de-
crease of the interfacial velocity perturbation. Consequently, shape
pertubations with a wavelength that matches the monolayer width
(q ∼ pi/L0) feature the fastest growth (Fig. 3b). Parameter values
are in Table I except for ξ, ζ → 0. (b) The wavelength of the fastest-
growing mode, λ∗, is proportional to the monolayer semiwidth L0 if
L0 . λ, with λ =
√
η/ξ the hydrodynamic screening length. For
wider monolayers, the selected wavelength is size-independent, be-
coming proportional to λ. Parameter values are in Table I except for
ζ → 0, and ξ = 10, 102, 103, 104, 105 Pa·s/µm2.
tissue front. Therefore, flow perturbations further destabilize
the flat front in a wavelength-dependent manner.
For short wavelengths, pi/q < L0, the penetration distance
of flow perturbations is shorter than the tissue width. Thus,
since the slope of velocity perturbations at the interface is
fixed, the longer the wavelength, the larger the interfacial ve-
locity perturbation (Fig. 4a). Hence, the growth rate increases
with the wavelength (Fig. 3a). In contrast, for long wave-
lengths, pi/q > L0, the penetration distance of flow perturba-
tions is longer than the tissue width. Thus, in this case, the de-
cay of flow perturbations becomes nearly linear, with a slope
that decreases with increasing wavelength. Consequently, per-
turbations of longer wavelength feature a smaller interfacial
velocity perturbation (Fig. 4a), and hence they are less unsta-
ble (Fig. 3a). In conclusion, in the absence of cell-substrate
friction forces, the finite width of the monolayer limits the
range of hydrodynamic interactions in the tissue, thus giving
rise to the peak in the growth rate at q∗ ∼ pi/L0 (Fig. 3b).
Cell-substrate friction forces.— Cell-substrate friction
screens the transmission of viscous stresses over distances
larger than λ =
√
η/ξ. Consequently, the peak of the growth
rate occurs at q∗ ∼ pi/λ if λ . L0 (Fig. 3c). Thus, for suf-
ficiently strong friction, the fingering wavelength is given by
the hydrodynamic screening length λ instead of the mono-
layer width L0 (Fig. 4b). We estimate λ ∼ 0.5 mm (Ta-
ble I). Therefore, the crossover from a viscosity-dominated
to a friction-dominated regime of monolayer spreading and
fingering should be observable in usual in vitro experiments.
Surface tension.— The monolayer edge presents a sur-
face tension γ, namely the work per unit area required to ex-
pand it. For a curved interface, surface tension gives rise to
a normal force: nˆ± · σ · nˆ±|x=±L = −γ~∇ · nˆ±|x=±L ≈
4±γ d2δL/dy2. Then, the expansion of the growth rate at long
wavelengths reads
ω (q) ≈ 1
τ
+
[
1
3τ
− γ
2ηL0
]
(qL0)
2
+O
(
(qL0)
4
)
, (6)
with τ = 2ηh/(T0Lc). This expression reveals the existence
of a critical size Lγ ≈ 3γh/(T0Lc) above which the growth
rate curves upwards at q → 0 (ω′′(0) > 0), hence exhibiting
the aforementioned peak at a finite wavelength. Alternatively,
if γ > γ∗ ≈ T0LcL0/(3h), surface tension prevents the hy-
drodynamic selection of a finite fingering wavelength, which
is then only limited by the length of the tissue front.
The surface tension of the monolayer could be due to actin
cables found along its edge, specially along the sides of ep-
ithelial fingers [6, 9, 10]. Traction force measurements sug-
gest that the tension of such cables is γ ∼ 0.2 mN/m [10],
lower than typical surface tensions of cell aggregates, γ ∼
1 − 10 mN/m [39–42]. Combining these value ranges with
T0 = 0.2 − 0.8 kPa and typical values of h and Lc (Table I),
the critical monolayer width for fingering is Lγ ∼ 0.3 − 10
µm. Therefore, we expect surface tension not to play a ma-
jor role in the fingering instability in monolayers of typical
widths L0 ∼ 0.1− 1 mm.
Intercellular contractility.— Because it decreases the
spreading velocity, intercellular contractility has an additional
stabilizing effect on the monolayer front (Fig. 3d). We dis-
cuss the effects of a uniform contractility in [34]. Here, we
consider an intercellular contractility −ζ concentrated at the
polarized boundary layer, which has a size-independent con-
tribution to the spreading velocity:
V0 ≈ T0Lc
2ηh
L0 +
Lc
2η
[
ζ
2
− T0Lc
h
]
. (7)
Consequently, in the limit Lc  L0  λ, this contractility
has no impact on the growth rate of the uniform mode, ω (0) =
τ−1, but it contributes a stabilizing quadratic term to the long-
wavelength expansion of the growth rate:
ω (q) ≈ 1
τ
+
[
1
3τ
+
ζL2c
8ηL20
]
(qL0)
2
+O
(
(qL0)
4
)
. (8)
Thus, as surface tension, contractility defines a critical size
Lζ ≈
√−3ζLch/(4T0) above which the growth rate fea-
tures a finite-wavelength peak. Alternatively, if −ζ > −ζ∗ ≈
4T0L
2
0/(3hLc), contractility supresses the hydrodynamic se-
lection of a finite fingering wavelength.
For typical contractilities,−ζ ∼ 1−50 kPa [28], the critical
monolayer width for fingering is Lζ ∼ 10 − 100 µm, where
we have used T0 = 0.2− 0.8 kPa and estimates for h and Lc
(Table I). Therefore, we do not expect contractility to prevent
fingering wavelength selection. However, our estimates give
Lγ < Lζ , indicating that contractility typically dominates
over surface tension in stabilizing short-wavelength shape per-
turbations. Thus, the competition between the destabilizing
effect of traction forces and the stabilizing effect of intercel-
lular contractility defines the band of unstable modes.
Uniformly polarized tissues.— To consider monolayers
with bulk polarity [37], we analyze the morphological sta-
bility of a uniformly polarized monolayer [34]. In this case,
in the absence of contractility, the spreading velocity is con-
stant: V0 = T0/(ξh). Hence, the q = 0 mode is marginally
stable, ω(q = 0) = 0. Moreover, contractility stabilizes it,
ω(0) < 0. Nevertheless, the viscous effects discussed above
still give rise to a peak of the growth rate at a finite wave-
length. Therefore, even though uniformly polarized tissues do
not feature an accelerating front, they still exhibit a fingering
instability for sufficiently small contractility [34].
Conclusions.— Motivated by the observation of finger-
like protrusions during the spreading of epithelial monolay-
ers, we studied the stability of the advancing front. Modeling
the cell monolayer as an active polar fluid, we showed that ac-
tive traction forces are responsible for a long-wavelength in-
stability of the monolayer front. Several features distinguish
this instability from previous proposals. First, it is generic; it
takes place for any value of the active traction force. Second,
the wavelength of the fingering pattern is selected by the range
of hydrodynamic interactions in the tissue. And third, active
intercellular forces stabilize short-wavelength perturbations,
typically dominating over surface tension effects.
Our analysis identifies the physical mechanism of the insta-
bility. Cellular traction forces at the monolayer edge set the
velocity gradient in the spreading monolayer. Hence, under
the same traction force, a larger monolayer spreads faster [28].
Consequently, when the monolayer front is perturbed, the pro-
truding regions of the interface advance faster than the trailing
regions, thus making the perturbation grow. Therefore, the
instability is based on a simple kinematic mechanism, which
takes place generically in viscous fluids that sustain a fixed ve-
locity gradient in the direction of spreading. In particular, the
same morphological instability should occur in the so-called
squeeze flow [43], in which an incompressible fluid is forced
to spread by decreasing the gap between two plates. In this
case, under perfect slip conditions at the plates, the rate of gap
reduction sets the fixed velocity gradient.
Regarding spreading epithelia, we conclude that neither
leader-cell behavior nor regulation of cell motility by curva-
ture or by chemotactic fields are necessary for the fingering
instability. Therefore, our results are consistent with the emer-
gence of leader cells concomitantly with finger growth [6–
8, 10, 11]. However, the viscous rheology of the monolayer
is essential for the instability. On the one hand, it underpins
the velocity gradient that renders the interface unstable and,
on the other, it enables wavelength selection for the finger-
ing pattern. Concomitant with the fingering instability, shear
stresses give rise to flows transversal to the spreading direc-
tion, which might lead to the swirls observed in experiments
[6, 7]. Finally, in addition to explaining fingering in tissue
spreading, our results also account for the morphological in-
stability recently observed during tissue dewetting [28].
Our predictions, such as the absence of a traction force
threshold for the instability, and whether the fingering wave-
length is given by either the monolayer width or the screening
5length λ =
√
η/ξ, are experimentally testable. Indeed, con-
sistent with our result, recent work has shown that the finger
spacing is an intrinsic quantity that coincides with the stress
correlation length [11]. To further test our predictions, future
experiments could perturb active cellular forces, cell-cell and
cell-substrate adhesion, and vary monolayer width.
Our findings illustrate how hydrodynamic interactions im-
pact tissue morphodynamics. In particular, we propose that
epithelial fingering can naturally arise from a generic morpho-
logical instability in a fluid film driven by interfacial active
forces. Thus, our results showcase the relevance of interfa-
cial instabilities in driven [44–46] and active [47–53] fluids
for tissue spreading.
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7Supplementary Material for “Active Fingering Instability in Tissue Spreading”
ACTIVE POLAR FLUID MODEL OF EPITHELIAL
SPREADING
Here, we briefly justify the description of epithelial spread-
ing in terms of our continuum active polar fluid model.
Polarity dynamics
The outwards polarization of cells at the monolayer edge is
likely due to contact inhibition of locomotion, a cell-cell in-
teraction whereby cells repolarize in opposite directions upon
contact [54, 55]. In fact, this interaction is mediated by cell-
cell adhesion, with front-rear differences in cadherin-based
junctions acting as a cue for the repolarization [1, 56–60].
Although originally proposed for mesenchymal cells, contact
inhibition of locomotion is being increasingly recognized to
play a key role in orchestrating the collective migration of ep-
ithelial monolayers [1, 3, 54, 59–64]. In a cohesive mono-
layer, this interaction naturally leads to polarization of cells
at the edge towards free space, leaving the inner region of
the monolayer unpolarized. Such a polarity profile, in turn,
explains the localization of traction forces at the edge and
the build-up of tension at the center of epithelial monolay-
ers [62, 63]. Therefore, we assume the polarity field ~p (~r, t) to
be set by an autonomous cellular mechanism such as contact
inhibition of locomotion, which polarizes cells within a time
scale τCIL ∼ 10 min [58, 64]. Hence, ~p (~r, t) should remain
essentially independent of flows in the monolayer, which oc-
cur over a longer time scale given by the strain rate, at least
of order τs ∼ 100 min [27, 65]. Consequently, taking a phe-
nomenological approach, we propose the polarity field to fol-
low a purely relaxational dynamics given by
∂pα
∂t
= − 1
γ1
δF
δpα
, (S1)
where F [~p ] is the coarse-grained free energy functional for
the polarity field (Eq. (1)), and γ1 is a kinetic coefficient (the
rotational viscosity for the angular degree of freedom). With
respect to the most general dynamics of the polarity field in
an active polar fluid, Eq. (S1) neglects polarity advection and
corotation, as well as flow alignment and active spontaneous
polarization effects. Thus, using Eq. (1), the dynamics of the
polarity is given by
∂tpα =
1
γ1
(−apα +K∇2pα) . (S2)
In the limit of fast polarity dynamics compared to the spread-
ing dynamics, the polarity field is always at equilibrium,
∂tpα = 0, adiabatically adapting to the shape of the mono-
layer. Under this approximation, the polarity field is given by
L2c∇2pα = pα, (S3)
where we have defined the characteristic length Lc ≡
√
K/a
of the polar order in the monolayer.
Force balance
Flows in cell monolayers occur at very low Reynolds num-
bers. Therefore, inertial forces are negligible, and hence mo-
mentum conservation reduces to the force balance condition
0 = ∂βσαβ + fα, σαβ = σ
s
αβ + σ
a
αβ + σ
E,s
αβ (S4)
where σsαβ and σ
a
αβ are the symmetric and antisymmetric
parts of the deviatoric stress tensor, and fα is the external
force density. Respectively, σE,sαβ is the symmetric part of
the Ericksen tensor. This tensor generalizes the pressure P
to include anisotropic elastic stresses associated to the orien-
tational degrees of freedom in liquid crystals [33]:
σEαβ = −P δαβ −
∂f
∂ (∂βpγ)
∂αpγ , (S5)
where f is the Frank free energy density, namely the integrand
of Eq. (1). Thus, the orientational contribution to the Ericksen
tensor is of second order in gradients of the polarity field, and
hence we neglect it, so that the stress tensor reads
σαβ = σ
s
αβ + σ
a
αβ − P δαβ . (S6)
Then, the pressure is related to the cell number surface den-
sity ρ by the equation of state of the monolayer. For the sake
of an estimate, we assume the simplest form for an equation
of state, P (ρ) = B (ρ− ρ0) /ρ0, where B is the bulk modu-
lus of the monolayer, and ρ0 is a reference density defined by
P (ρ0) = 0. Taking the pressure origin at the monolayer edge,
ρ0 ∼ 2 ·103 cells/mm2 [28, 37]. In turn, density differences in
the monolayer are, at most, ρ−ρ0 ∼ 6·103 cells/mm2 [28, 37].
Then, the monolayer is expected to be highly compressible
because area changes can in principle be accommodated by
changes in height, resisted only by the shear modulus of the
tissue. Hence, we estimate the bulk modulus of the mono-
layer by typical shear moduli of cell aggregates, which are in
the rangeG ∼ 102−103 Pa [40, 41, 66]. Thus, the pressure in
the monolayer should be P . 30 − 300 Pa. In fact, isotropic
compressive stresses (pressures) of ∼ 50 Pa were shown to
induce cell extrusion [67]. In conclusion, if tissue spreading
is not dominated by cell proliferation [17, 31, 32], the magni-
tude of the pressure in the monolayer is expected to be much
smaller than the tensile stress (tension) induced by traction
forces, as measured by monolayer stress microscopy, which is
of the order of kPa [28, 37]. Hence, we neglect pressure:
σαβ = σ
s
αβ + σ
a
αβ . (S7)
Now, for a nematic medium, the antisymmetric part of the
stress tensor is given by σaαβ = 1/2 (pαhβ − hαpβ), where
hα = −δF/δpα is the molecular field. From Eq. (S1), the
adiabatic approximation for the polarity dynamics, ∂tpα = 0,
implies hα = 0. Therefore, the antisymmetric part of the
stress tensor vanishes under this approximation, σaαβ = 0.
Thus, the stress tensor reduces to
σαβ = σ
s
αβ . (S8)
8Constitutive equations
Next, constitutive equations must be given to specify the
deviatoric stress tensor σsαβ and the external force fα in terms
of the polarity and velocity fields. The generic constitutive
equations of an active liquid crystal are provided by active
gel theory [68–71]. Here, based on the previous assumptions
for the dynamics of the polarity field, we propose a simplified
version of the generic constitutive equations of an active polar
gel to describe epithelial spreading.
First, the spreading occurs on timescales of the order of
τs ∼ 100 min [27, 65], at which the tissue should have
a fluid rheology. This time scale is much slower than the
turnover time scales of proteins in the cytoskeleton or in cell-
cell junctions, which are of the order of tens of minutes at most
[72, 73]. Intra- or intercellular processes such as cytoskele-
tal reorganizations or cell-cell slidings dissipate energy over
these time scales, so that elastic energy may only be stored
in the tissue at shorter times. In addition, other processes
such as cell division, death, and extrusion [74, 75], as well
as cell shape fluctuations [66, 76] and topological rearrenge-
ments [76, 77] also fluidize the tissue. Therefore, to describe
the slow spreading dynamics, we will not consider the elastic
response of the tissue at short time scales.
Then, in the viscous limit, the constitutive equations for
the internal stress and the interfacial force of an active polar
medium are:
σsαβ = 2ηv˜αβ +
ν1
2
(
pαhβ + hαpβ − 2
d
pγhγδαβ
)
−ζqαβ
+
(
η¯ d vγγ + ν¯1 d pγhγ − ζ¯ − ζ ′pγpγ
)
δαβ , (S9)
fα = −ξvα + νip˙α + ζipα, (S10)
where, qαβ = pαpβ − pγpγ/d δαβ is the traceless symmetric
nematic order parameter tensor, with d the system dimension-
ality, and vα is the velocity of the fluid with respect to the
substrate. The coefficients η and η¯ are the shear and bulk vis-
cosities of the medium, ζ is the anisotropic active stress coef-
ficient, and ζ¯ and ζ ′ are two isotropic active stress coefficients.
Finally, ξ, νi, and ζi are the corresponding interfacial ver-
sions of the viscosity (viscous friction), flow alignment (po-
lar friction), and active stress (active force) coefficients. The
constitutive equation for the internal stress, Eq. (S9), is that
of an active polar gel with a variable modulus of the polarity
[69]. In turn, the constitutive equation for the interfacial force,
Eq. (S10), is less conventional [78], but it was derived from a
mesoscopic model of an active polar gel [35].
Now, the adiabatic approximation for the polarity dynamics
implies p˙α = hα = 0, so that flow alignment terms contribute
neither to the stress tensor nor to the interfacial force. Next,
we assume that polarized cells generate much larger active
stresses than unpolarized cells. Hence, we neglect the active
stress coefficient ζ¯ in front of ζ and ζ ′. Then, assuming that
the two-dimensional fluid layer is compressible, we take ζ =
ζ ′ d = 2ζ ′ and 2η = η¯ d = 2η¯ for simplicity. Under these
simplifications, and using Eq. (S8), the constitutive equations
reduce to
σαβ = η (∂αvβ + ∂βvα)− ζpαpβ , (S11)
fα = −ξvα + ζipα, (S12)
which close the set of equations defining the active polar fluid
model of the spreading of an epithelial monolayer.
LINEAR STABILITY ANALYSIS
Here, we give the details of the linear stability analysis of
the tissue front. First, we explicitly write down the equations
of the model in Cartesian coordiates, which are most conve-
nient for the rectangular geometry of the monolayer (Fig. 2a).
Thus, the equation for the polarity field, Eq. (2), reads
L2c
(
∂2x + ∂
2
y
)
px = px, (S13a)
L2c
(
∂2x + ∂
2
y
)
py = py. (S13b)
Respectively, the force balance equation Eq. (3) reads
∂xσxx + ∂yσxy = ξvx − T0/h px, (S14a)
∂xσyx + ∂yσyy = ξvy − T0/h py, (S14b)
where the components of the stress tensor are given by
σxx = 2η ∂xvx − ζp2x, (S15a)
σxy = σyx = η (∂xvy + ∂yvx)− ζpxpy, (S15b)
σyy = 2η ∂yvy − ζp2y. (S15c)
Next, we obtain the flat front solution in rectangular geom-
etry, which is the reference state of the linear stability anal-
ysis. The long (yˆ) axis of the rectangle is much longer than
the short (xˆ) axis. Hence, we assume translational invariance
along the long axis of the monolayer [27]. Moreover, traction
forces are mainly perpendicular to the monolayer boundary
[37], so that we take the polarity field along the xˆ direction:
~p = p0x (x) xˆ, where the superindex indicates the zeroth order
in the perturbations of the front. Now, imposing symmetry as
well as maximal polarity and stress-free boundary conditions,
p0x (L0) = 1 and σ
0
xx (L0) = 0, one obtains the polarity and
velocity profiles:
p0x (x) =
sinh (x/Lc)
sinh (L0/Lc)
, (S16)
v0x (x) =
λ¯
2η
[
ζ +
T0Lcλ¯
2/h
λ¯2 − L2c
coth (L0/Lc)
− 2ζλ¯
2
4λ¯2 − L2c
[
2 + csch2 (L0/Lc)
]] sinh (x/λ¯)
cosh
(
L0/λ¯
)
+
Lc
ξ sinh (L0/Lc)[
ζ
4λ¯2 − L2c
sinh (2x/Lc)
sinh (L0/Lc)
− T0Lc/h
λ¯2 − L2c
sinh (x/Lc)
]
, (S17)
9where λ¯ =
√
2η/ξ =
√
2λ is a redefined hydrodynamic
screening length, and L0 is the semi-width of the monolayer,
which changes according to dL0/dt = v0x (L0).
Next, we introduce peristaltic small-amplitude perturba-
tions of the flat interface of the monolayer (Fig. 2a):
L (y) = L0 + δL (y) . (S18)
Under these perturbations, the polarity and velocity fields take
the form
px (x, y) = p
0
x (x) + δpx (x, y) , py (x, y) = δpy (x, y) ,
(S19)
vx (x, y) = v
0
x (x) + δvx (x, y) , vy (x, y) = δvy (x, y) .
(S20)
In turn, boundary conditions must keep imposing a normal
and maximal polarity, as well as vanishing normal and shear
stresses at the interface, which is now curved. To this end, we
define the normal and tangential vectors of each interface,
nˆ± = ± cos θ xˆ+ sin θ yˆ ≈ ± xˆ− dδL
dy
yˆ, (S21a)
tˆ± = ∓ sin θ xˆ+ cos θ yˆ ≈ ±dδL
dy
xˆ+ yˆ, (S21b)
where θ is the angle between the normal directions of the flat
and perturbed interfaces, and the ± index stands for the top
and bottom interfaces, respectively (Fig. 2a). Thus, the bound-
ary conditions for the polarity read
~p · nˆ±|x=±L = 1, ~p · tˆ±
∣∣
x=±L = 0. (S22)
For the x-component, the conditions imply px (±L) ≈ ±1.
This expands into
px (±L) = p0x (±L) + δpx (±L)
≈ p0x (±L0)± ∂xp0x (±L0) δL+ δpx (±L) ≈ ±1, (S23)
which yields
δpx (±L) = ∓∂xp0x (±L0) δL (S24)
as a boundary condition on the polarity perturbation. For the
y-component of the polarity perturbation, the boundary con-
dition imposes
δpy (±L) = −dδL
dy
. (S25)
Then, the boundary conditions on the stress read
nˆ± · σ · nˆ±|x=±L = 0, tˆ± · σ · nˆ±
∣∣
x=±L = 0, (S26)
which respectively ensure vanishing normal and shear stress
at the interfaces. Here, for simplicity, we neglect interfacial
tension and bending rigidity, which would contribute stabiliz-
ing terms to the growth rate. The condition on the normal
stress gives σxx (±L) = 0 which, after expanding as previ-
ously, leads to
δσxx (±L) = ∓∂xσ0xx (±L0) δL (S27)
for the stress perturbation. In turn, the condition on the shear
stress directly gives
δσxy (±L) = 0. (S28)
Next, we decompose all perturbations in their Fourier
modes, identified by the wave number q:
δL (y, t) =
∫ ∞
−∞
δL˜ (q, t) eiqy
dq
2pi
, (S29a)
δpα (x, y, t) =
∫ ∞
−∞
δp˜α (x, q, t) e
iqy dq
2pi
, (S29b)
δvα (x, y, t) =
∫ ∞
−∞
δv˜α (x, q, t) e
iqy dq
2pi
, (S29c)
In terms of the Fourier modes, the equations for the polarity
components read
L2c
(
∂2x − q2
)
δp˜x = δp˜x, (S30a)
L2c
(
∂2x − q2
)
δp˜y = δp˜y. (S30b)
In turn, the components of the force balance equation, once
the constitutive relation is introduced, read
η
(
2∂2x − q2 −
1
λ2
)
δv˜x + iqη ∂xδv˜y
+
[
T0/h− 2ζ
(
∂xp
0
x + p
0
x∂x
)]
δp˜x − iqζ p0x δp˜y = 0,
(S31a)
iqη ∂xδv˜x + η
(
∂2x − 2q2 −
1
λ2
)
δv˜y
+
[
T0/h− ζ
(
∂xp
0
x + p
0
x∂x
)]
δp˜y = 0.
(S31b)
The boundary conditions must also be translated into the
Fourier domain, reading
δp˜x (±L) = ∓∂xp0x (±L0) δL˜, δp˜y (±L) = −iq δL˜,
(S32)
δσ˜xx (±L) = ∓∂xσ0xx (±L0) δL˜, δσ˜xy (±L) = 0.
(S33)
Then, the four coupled differential equations Eqs. (S30)
and (S31) are analytically solved for δp˜α (x, q) and δv˜α (x, q).
From the Fourier modes of the velocity field, the perturbed
spreading velocity V can be computed as
V = ~v · nˆ|x=L =
[
~v 0 · nˆ+ δ~v · nˆ]
x=L
≈ v0x (L0) + ∂xv0x (L0) δL+ δvx (L0) , (S34)
so that
δV (y) = V (y)− V0 = ∂xv0x (L0) δL (y) + δvx (L0, y) .
(S35)
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Thus, the growth rate ω (q) of the tissue shape perturbations
follows from
δV˜ (q) =
∫ ∞
−∞
δV (y) e−iqydy =
dδL˜ (q)
dt
= ω (q) δL˜ (q) .
(S36)
Hence,
ω (q) = ∂xv
0
x (L0) +
δv˜x (L0, q)
δL˜ (q)
. (S37)
The expression of the resulting growth rate is omitted here due
to its length. Finally, note that, in our free-boundary problem,
the amplitude of the front perturbations does not grow expo-
nentially in time. This is because the growth rate depends
on time through the monolayer width L0 (t). Consequently,
Eq. (S36) yields
δL˜ (q, t) = δL˜ (q, 0) exp
[∫ t
0
ω (q, t′) dt′
]
. (S38)
NEMATIC ELASTICITY
In this section, we discuss the effects of the nematic elastic-
ity of the polarity field on the growth rate of front shape pertur-
bations. Front perturbations distort the polarity field, generat-
ing polarity gradients along the tissue front. The elastic energy
cost of these transversal polarity gradients is larger for shorter-
wavelength perturbations. Thus, to minimize the polar free
energy Eq. (1), polarity perturbations decay more steeply for
shorter wavelengths. From Eq. (2), the Fourier components
of polarity perturbations obey L2c
(
∂2x − q2
)
δp˜α = δp˜α, so
that their decay length is `c(q) = Lc[1 + (qLc)2]−1/2, which
decreases with q. Similarly to Eq. (5), the corresponding ve-
locity gradient perturbation is then proportional to T0`c(q).
Therefore, by reducing the size of the polarized boundary
layer, `c(q) ≤ Lc, nematic elasticity causes a decrease of
the growth rate with decreasing wavelength. However, this
effect is only significant at wavelengths shorter than the ne-
matic length Lc (qLc > 1), which is typically smaller than
the size of the fingers.
UNIFORM INTERCELLULAR CONTRACTILITY
In this section, we discuss the effects of a uniform intercel-
lular contractility term, characterized by the coefficient −ζ¯ in
Eq. (S9), which is neglected in the Main Text. Like the in-
tercellular contractility−ζ, which is localized at the polarized
boundary layer of the tissue, a uniform contractility has a sta-
bilizing effect on the tissue front (Fig. S1). However, unlike its
polarity-related counterpart −ζ, the uniform contractility −ζ¯
has a size-dependent contribution to the spreading velocity:
V0 ≈ 1
2η
[
T0Lc
h
+ ζ¯
]
L0 (S39)
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FIG. S1. Growth rate of shape perturbations for different values of
the uniform intercellular contractility −ζ¯ = 0,−1,−2,−3,−4 kPa,
which has a stabilizing effect on perturbations of all wavelengths.
The other parameter values are in Table I in the Main Text except for
ξ, ζ → 0.
in the limit Lc  L0  λ. Then, the expansion of the growth
rate at long wavelengths reads
ω (q) ≈ 1
τ
+
ζ¯
2η
+
[
1
3τ
+
ζ¯
3η
]
(qL0)
2
+O
(
(qL0)
4
)
, (S40)
where τ = 2ηh/(T0Lc). This expression shows that a uni-
form contractility does not only affect the growth rate of finite-
wavelength perturbations but that it also decreases the growth
rate of the uniform mode, ω(0). If the contractility is suffi-
ciently small to allow the tissue to spread (V0 > 0), −ζ¯ <
T0Lc/h, the tissue front remains unstable to long-wavelength
perturbations. However, unlike the polarity-related contractil-
ity −ζ, if the uniform contractility −ζ¯ induces the retraction
of the monolayer front, it also prevents its fingering instability
(Fig. S1).
LINEAR STABILITY ANALYSIS FOR UNIFORMLY
POLARIZED TISSUES
In this section, we address situations in which the epithe-
lial monolayer is polarized not only in a boundary layer but
also in its bulk [37]. To analyze the effects of bulk polar-
ity, we consider the simplest possible situation, namely a uni-
formly polarized epithelium. The state of uniform polariza-
tion, however, presents two issues. First, it may be unstable
in the bulk [79]. Here, we assume that the active contractility
and traction force coefficients are small enough not to trig-
ger this bulk instability. Second, because the polarity points
outward at both fronts of the monolayer (Fig. 2), a spreading
monolayer cannot have a uniform polarity. Following previ-
ous works [18, 19], we avoid this issue by considering the tis-
sue to be bounded by a comoving wall at x = 0. In this case,
we can assume a fixed modulus of the polarity field, |~p | = 1.
Hence, the polar free energy is left only with Frank elasticity:
F =
∫
K
2
(∂αpβ)(∂αpβ) d
3~r. (S41)
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Consequently, the equilibrated polarity field, which fulfills
δF/δpα = 0, is a solution of
∇2pα = 0. (S42)
The rest of the model is unchanged with respect to the case
with only a polarized boundary layer analyzed in the Main
Text. Thus, the force balance is still given by Eqs. 3-4, and
the boundary conditions still impose a normal polarity and a
vanishing stress at the monolayer front: ~p(x = L) = nˆ and
σ · nˆ|x=L = 0, respectively, with nˆ being the normal unit
vector of the tissue front. Moreover, we impose the following
boundary conditions at the comoving wall: ~p(x = 0) = xˆ,
and ~v(x = 0) = T0/(ξh) xˆ. Thus, the reference state of the
stability analysis is the flat front solution with
p0x = 1, v
0
x(x) =
1
ξ
[
T0
h
+
ζ
λ¯
sinh
(
x/λ¯
)
cosh
(
x/λ¯
)] , (S43)
where, as previously defined, λ¯ =
√
2η/ξ.
The linear stability analysis can thus be performed as be-
fore. In the present case, instead of Eq. (S30), the equations
for the Fourier modes of the polarity perturbations read(
∂2x − q2
)
δp˜x = 0, (S44a)(
∂2x − q2
)
δp˜y = 0. (S44b)
Respectively, the components of the force balance equation,
Eq. (S31), reduce to
η
(
2∂2x − q2 −
1
λ2
)
δv˜x + iqη ∂xδv˜y
+ (T0/h− 2ζ∂x) δp˜x − iqζ δp˜y = 0,
(S45a)
iqη ∂xδv˜x + η
(
∂2x − 2q2 −
1
λ2
)
δv˜y
+ (T0/h− ζ∂x) δp˜y = 0.
(S45b)
Finally, the boundary conditions, previously given by
Eqs. (S32) and (S33), now become
δp˜x(0) = 0, δp˜x (L) = 0, (S46a)
δp˜y(0) = 0, δp˜y (L) = −iq δL˜, (S46b)
δv˜x(0) = 0, δσ˜xx (L) = ∓∂xσ0xx (L0) δL˜, (S47a)
δv˜y(0) = 0, δσ˜xy (L) = 0. (S47b)
Then, Eqs. (S44) and (S45) are analytically solved for
δp˜α(x, q) and δv˜α(x, q). Hence, the growth rate of front per-
turbations is computed using Eq. (S37). The resulting expres-
sion is omitted here due to its length. However, the growth
rate is plotted in Fig. S2, which shows how it changes under
variation of different parameters. From these results, we con-
clude that, as for tissues with only a polarized boundary layer,
uniformly polarized tissues also display an active fingering in-
stability. However, in contrast to the boundary layer case, in
(d)
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FIG. S2. Contributions to the instability for a uniformly polar-
ized tissue. Growth rates of front perturbations varying the val-
ues of different model parameters. Excluding the varied parameter,
other parameter values are in Table I in the Main Text except for
ζ → 0. (a) Even though the uniform mode (q = 0) is marginally
stable, traction forces destabilize the monolayer front. For this
plot, T0 = 0, 0.25, 0.5, 0.75, 1 kPa. (b) Long-range transmission
of viscous stresses selects the fastest-growing mode. For this plot
L0 = 50, 100, 150, 200, 250 µm. (c) Cell-substrate friction screens
hydrodynamic interactions to limit the wavelength of the fingering
pattern. For this plot, ξ = 102, 5 ·102, 2.5 ·103, 1.25 ·104, 6.25 ·104
Pa·s/µm2. (d) Contractility has a stabilizing contribution on the
monolayer front. For small contractility, a band of unstable modes at
finite wavelength remains. A sufficiently large contractility stabilizes
the front. For this plot, −ζ = 0, 1, 2, 3, 4 kPa.
the absence of contractility, uniformly polarized tissues spread
at a constant velocity V0 = T0/(ξh). As a consequence, the
q = 0 mode, is now marginally stable. Nonetheless, all other
modes are destabilized by the interplay between active trac-
tion forces and viscous stresses. As for the case with an active
boundary layer, front perturbations give rise to flow perturba-
tions that destabilize the flat front (Fig. S2a). Hence, the active
fingering instability is robust to the presence of bulk polarity
in the tissue.
Moreover, the role of hydrodynamic interactions is un-
changed with respect to the active boundary layer case. As
in that case, the finite range of hydrodynamic interactions,
given by the smallest between the monolayer width L0 and
the hydrodynamic screening length λ =
√
η/ξ determines
the wavelength of the most unstable mode. Thus, for polarized
tissues, varying the monolayer width L0 and the cell-substrate
friction coefficient ξ modifies the growth rate in a similar way
as for tissues with only a polarized boundary layer (compare
Fig. S2b-c to Fig. 3b-c).
Finally, the effect of the contractility in uniformly polarized
tissues is a bit different than in unpolarized tissues. As for
tissues with only boundary polarity, contractility has a stabi-
lizing effect on the monolayer front. However, for uniformly
polarized tissues, the active contractile stress spans through-
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out the monolayer. As a consequence, instead of just affecting
short-wavelength perturbations, contractility now decreases
the growth rate of all perturbation modes. Hence, for small
contractility, the longest and shortest-wavelength modes be-
come stable, leaving a band of unstable modes at intermedi-
ate wavelengths. Therefore, small contractilities do not abro-
gate the fingering instability. A sufficiently large contractility,
however, is able to stabilize all modes, thus suppressing the
fingering instability (Fig. S2d).
